We produced microcapsules of alginate-poly(L)lysine-alginate (APA)with diameters on the order of 10 µm. To characterize their mechanical properties, we conducted an experiment on the parallel-plate compression of a microcapsule and modeled its deformation. In the modeling task, the microcapsule was assumed to be a spherical liquidfilled elastic membrane with negligible bending stiffness and permeability. The membrane thickness was estimated by applying Reissner's linear elastic theory to the experimental force-displacement relationship during loading in the small displacement region. The initial stretch of the membrane was taken into account; it was mainly caused by the osmotic pressure difference across the membrane. The initial stretch of the microcapsule was determined by fitting the calculated and experimental force-displacement relationships during loading at small to medium displacements. At large displacements, the calculated force was smaller than the experimentally measured force because of fluid permeation across the APA membrane. The calculated and experimentally imaged shapes of the deformed microcapsule were compared. The effects of varying the membrane thickness on the force-displacement and transmural pressuredisplacement curves were shown, and the limitations of applying the present deformation model were examined.
INTRODUCTION
Microcapsules used for medical applications, such as drug delivery, cell encapsulation, and artificial organs, are highly deformed in blood vessels and in tissues by mechanical stresses or osmotic pressures. Under these loads, the mechanical properties of a microcapsule predominantly affect its deformation behavior; in addition, they govern its stability, burst limit, and adhesion characteristics [1] [2] [3] . Therefore, characterizing the mechanical properties of microcapsules is important to control and improve their design for medical applications.
Several experimental methods have been used for determining the mechanical properties of microcapsules: micropipette aspiration [4, 5] , atomic force microscopy (AFM) [6] [7] [8] , optical tweezers [9, 10] , magnetic tweezers [11] , microfluidic channels [12] , and poking [13] [14] [15] . Another widely used method is parallelplate compression [16] [17] [18] [19] [20] [21] . In this method, the absence of any locally high-stress region in the membrane allows a microcapsule to undergo large overall deformation. In contrast, when a sharp indenter is used in the poking method, which is considered a model of cell microinjection by using a micropipette, the stress concentration near the sharp edge triggers a rupture of the membrane in a small deformation range.
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In a previous report [21] in which APA microcapsules with diameters of 200-300 µm were compressed between parallel plates, we proposed a mechanical model of deformation, assuming that Young's modulus of the membrane was known by an AFM-based method that uses Hertz contact theory [22] . APA microcapsules have been widely used for cell therapy and cell culture [23, 24] . In mechanically modeling parallel-plate compression [21] , we assumed a uniform membrane tension; this assumption enabled us to use a practical method for mechanical characterization within an acceptable level of prediction accuracy. In the present report, we applied the compressive deformation model, which improves upon the model in [21] by taking into account an appropriate initial stretch of the membrane, to APA microcapsules (approximately 10 µm in diameter) much smaller than those used previously (200-300 µm in diameter) [21] . The microcapsules were produced from microbeads on the same order of scale, which were generated by the electrohydrodynamic (EHD) spraying method [25, 26] .
In several experiments, a microcapsule was compressed between parallel plates made of micropipettes whose tips were melted and formed into flat planes. The small scale of the microcapsule made it difficult to measure the membrane thickness. Then we estimated the thickness by applying the linear elastic theory for a point-force indentation to a spherical shell [27, 28] ; that is, the linear theory was adapted to the experimental force-displacement relationship in a small deformation range to obtain the thickness. Similar estimation of thickness with the aid of finite element method (FEM) analysis was reported [29] . The validity of the estimation method was confirmed by applying the method to a larger microcapsule whose membrane thickness was easily measured with a microscope.
In the deformation model, we assumed axisymmetric deformation of an elastic impermeable membrane with negligible bending stiffness and a constant internal volume. The initial stretch of the membrane was determined by fitting the calculated force-displacement curve to the experimental forcedisplacement relationship, while taking into account the membrane permeability. It was shown that the osmotic pressure of the microcapsule could be estimated by the initial stretch. We discuss the effects of varying the membrane thickness on the force-displacement curve and transmural pressure, the latter of which is directly relevant to the fluid permeation across the membrane.
EXPERIMENTS AND ANALYSIS
Alginate gel particles approximately 10 µm in diameter were produced by the electrohydrodynamic spraying method [25, 26, 30] . The breakup of a charged meniscus of sodium alginate solution in the cone-jet mode gave rise to fine droplets, which were sprayed down into a calcium chloride solution to form gel particles of calcium alginate.
APA microcapsules were produced following the method in [23] . The calcium alginate gel particles were immersed in a 0.1 wt% poly(L)lysine solution for 30 min, after which they were immersed in a 1.5 wt% sodium alginate solution for 5 min. The particles were then immersed in a 55 mM sodium citrate solution for 24 h to liquefy the inside of the membrane, resulting in microcapsules with a three-layered alginatepoly(L)lysine-alginate membrane at the surface. A visualized image of the produced microcapsules is shown in Figure 1 .
A flat-tip micropipette for compressing a microcapsule of approximately 10 µm in diameter was fabricated as follows. First, a straight glass tube whose inner and outer diameters were 0.69 and 1.19 mm, respectively, (Drummond Scientific Co.) was prepared. A part of it was locally melted by heating, and thinned and cut by stretching in the axial direction with a micropipette tension (MPT-1, Shimadzu Co.). The hollow tip was stemmed by melting with a micropipette furnace (MPF-1, Shimadzu Co.) and then ground into a flat surface with a grinder (EG-400, Narishige Co.). As shown in Figure 2 , a micromanipulator system (TransferMan NK-2, Eppendorf Co.) was used to test the compression of microcapsules. A flat-tip micropipette was connected to one arm of the manipulator and another flat-tip micropipette was attached to a brass cantilever, which in turn was connected to the other arm of the manipulator. A microcapsule was compressed between the two parallel flat tips of the micropipettes as follows. The upper micromanipulator was moved downward (loading) and then upward (unloading) at a constant speed of approximately 2 µm/s (Figure 2 ). During compression experiments, the microcapsule was immersed in a normal saline solution. The shape of the deformed microcapsule and deflection of the cantilever were monitored, using a CMOS camera (DMK 22BUC03, The Imaging Source Co.) through an inverted phase-contrast microscope (IX-70, Olympus Co.). The force applied to the microcapsule was determined as the product of the deflection of the cantilever and the cantilever stiffness.
For microcapsules whose diameters were 200-300 µm, a confocal laser microscope enabled measurement of the membrane thickness observed on the cross-section of a microcapsule embedded in gelatin. However, this method was not applicable to the small microcapsules of the present study.
We estimated the membrane thickness by using the force-displacement curve measured in a microcapsule compression experiment. According to [27, 28] , the force-displacement relationship derived from a linear elastic theory of a point force applied to the pole of a spherical shell is expressed as
where F is the applied force, ! is the displacement, E is Young's modulus, h is the membrane thickness, ! is the Poisson ratio, and R 0 is the radius. The experimental force-displacement relationship for parallel-plate compression of an APA microcapsule with a diameter of 240 µm is shown in Figure 3 [21] . Young's modulus of the membrane was measured as 1.9 MPa by the AFM-based method under the assumed Poisson ratio of 0.5 [22] , and the membrane thickness measured with a microscope was 7.75 m. The straight line in Figure 3 shows Eq. (1), whose slope 4Eh 2 3(1!" 2 ) is calculated from the data denoted above. The open and filled circles correspond to the experimental loading and unloading phases, respectively. The hysteresis between loading and unloading was caused by fluid permeation across the APA membrane [21] , although the permeability effect is negligible when the displacement is small during loading. In Figure 3 , the straight line derived from Reissner's theory, in which the permeability is not taken into account, is in good agreement with the open circles at small displacements. Therefore, when the values of E and ! are known, h can be estimated by fitting the tangent line to the experimental forcedisplacement relationship during loading at small displacements. Although Eq. (1) is derived for the compression of a point force, it is applicable to flatplate compression in the small displacement region by virtue of the small contact region between the plate and membrane. A similar method to estimate the membrane thickness with the aid of FEM analysis was reported in [29] . A compression experiment was performed for a microcapsule of 8.8 µm in diameter, using the micromanipulator system shown in Figure 2 
DEFORMATION MODEL
The microcapsules preserved after production and those in the compression experiment were immersed in a normal saline solution. The diameter of a microcapsule in the preserved state and in the initial state of compression is assumed to be R 0 . The initial stretch of the membrane is ! i (= R 0 / R i ) , which denotes the initial expansion from a radius of R i due mainly to the osmotic pressure difference across the membrane. The microcapsule is compressed by two parallel plates and its deformed shape is assumed to be axisymmetric. The meridional shapes of the microcapsule in the tension-free, expanded, and deformed states are shown in cylindrical coordinates ( r, z ) in Figure 5 . Only one half of the microcapsule is modeled given its equatorial symmetry. The displacement of the flat plate from the point of contact inception is denoted by ! . The coordinate s is taken along the deformed contour, in which the equator point and contact point are denoted by 1 and 2, respectively. The outward normal to the deformed surface is denoted by n and the angle between directions n and r by ! . The static equilibrium equations of the forces for an axisymmetric membrane with negligible bending stiffness in the meridional tangential and normal directions are, respectively, expressed by [31] dT s ds
where T s and T ! are the principal stress resultants (tensions). ! s and ! " are the principal curvatures in the meridional and orthogonal planes, respectively, and p tr is the net (internal minus external) transmural pressure. The principal curvatures are expressed by
For simplicity we assume that T s = T ! [21] . The following equations are then obtained from Eqs. (2)- (4).
where T is a uniform tension, and C and D are constants expressed by
The values of r 1 and r 2 are determined so that the following two conditions are satisfied.
The first condition is that the volume of the liquidfilled microcapsule is constant during deformation and is expressed by 2! 3 r(n r r + n z z) ds + ! 3
where V 0 (= 2! R 0 3 / 3) is the volume just before compression, and n r and n z are the r-and zcomponents, respectively, of the outward unit vector normal to the membrane surface. The constancy of the volume is consistent with the assumption that the permeability of the membrane is ignored.
The second condition is the equilibrium of forces in the z-direction applied to the half-model of the microcapsule as shown in Figure 5 , which is expressed by
where F is the compression force from the flat plate.
The area strain of the membrane is defined as
where
is the membrane area in the tension-free state, and A is the area of the deformed membrane, which is calculated by
The tension T is calculated from the area elastic modulus K and the area strain as follows.
The area elastic modulus is calculated by [32] K = Eh 2(1!" ) (13) Substituting Eqs. (6) and (12) into Eq. (9), we obtain
The calculation procedure to obtain the deformed shape and the relationship between the compression force and displacement of the plate is as follows.
[1] Assign F. [2] Assume r 1 and r 2 and then evaluate C and D in Eq. (7) [3] . Calculate the deformed shape by using Eq. (5). [4] . Iterate procedures [2, 3] until Eqs. (8) and (14) are satisfied. The iteration procedures [2, 3] were performed by the Newton method, in which the Jacobian matrix of 2 ! 2 was calculated numerically.
RESULTS AND DISCUSSION
The initial stretch ! i is caused by the initial transmural pressure p tr,i , which for a spherical membrane is expressed by
This equation is derived from the Laplace equation [32] . In the numerical calculation of the flat-plate compression of a microcapsule with an initial stretch, the initial transmural pressure is calculated as the limiting value of a small compression force divided by a small contact area between the flat plate and microcapsule surface. The deformed shape caused by a small force due to flat-plate compression is approximated by a sphere. In Figure 6 , the calculation results for a small value of F = 0.01 µN, shown by the black circles, are in good agreement with the values obtained from Eq. (15) . The black circles in Figure 6 were plotted by calculating the value of p tr,i (= F / ! r 2 2 )
with the variation of the initial stretch ! i . This result validates the present calculation method in the small deformation range.
In the force-displacement relationship of Figure 4 , the open and filled circles show the experimental results during loading and unloading, respectively. The hysteresis between the open and filled circles was caused by fluid permeation across the membrane of the APA microcapsule. This was confirmed by calculating the volume of the measured microcapsule under the assumption of axisymmetric deformation. The solid line shows the calculation result, which is fitted to the open circles in the small and medium displacement regions by adjusting the value of the initial stretch ! i . At large displacements, the microcapsule was compressed strongly and the increased internal pressure induced a large amount of fluid to permeate outward. It follows that the compression force decreases in the large displacement region and the open circles deviate from the solid line (Figure 4) . The reduction in compression force as a result of the membrane permeability was reported in [20] . The initial stretch determined by the above procedure was 1.12. The initial transmural pressure, which is mainly attributed to the osmotic pressure difference across the microcapsule membrane, is then calculated by Eq. (15) . Owing to the small scale of the microcapsules (on the order of 10 µm), measuring the inside osmotic pressure is difficult. In one method, the liquid inside of plant cells was extracted using a micropipette and the osmotic pressure was measured by freezing point depression [33] . The assumption of T s = T ! was used to simplify the basic equations. The difference between T s and T ! was evaluated in [34] , in which the assumption was not used. The validity of the assumption is partly shown by the agreement of the solid line and the open circles in Figure 4 .
The compression experiments, which were performed to approximately 50% fractional displacement, showed no membrane rupture in the compression range. On the other hand, membrane rupture was observed for APA microcapsules of 200-300 µm in diameter at nearly 50% of fractional displacement [21] , in which the diameter-to-thickness ratio was 31. This ratio for the APA microcapsule of 8.8 m in diameter in the present study was smaller (7.2); therefore, the present microcapsule was more resistant against membrane rupture. case where the fractional displacement was 0.29 (top) or 0.40 (bottom) during loading. The two images on the right-hand side in Figure 7 are the same as the two images on left-hand side. In the images on the right-hand side, the calculated lines are removed for ease of comparison. The bright blurred contours of the microcapsules are caused by the halo effect, an optical artifact related to the phase-contrast microscope [35] . The calculated and experimentally visualized shapes are almost identical at the round portions of the microcapsule contour, although the straight portions of experimentally visualized contour are unclear due to the halo effects at the contact areas between the microcapsule surface and micropipette tips. (Figure 4) . However, a discrepancy between the slopes at the origin is seen for the case of h = 1.8 µm, in which the diameter-to-thickness ratio is 4.9. This case is apparently beyond the scope of application not only for the present model but also for Reissner's theory. pressure rises as the membrane thickness increases. The increase in transmural pressure causes outward fluid permeation across the membrane. When the membrane is thin (e.g., h = 0.1 µm), the transmural pressure remains almost constant, resulting in very little fluid permeation. In the case of h = 1.22 µm, as in the present experiment, the transmural pressure increases in the large displacement region, resulting in the divergence between the solid line and open circles in Figure 4 . This is because membrane permeability is not incorporated into the present membrane model. Calculation results relevant to the effects of membrane thickness showed that microcapsule rigidity and permeability can be controlled by varying the membrane thickness. The thickness of the APA microcapsule membrane could be adjusted by changing experimental conditions in the production process, such as the concentration of sodium alginate, the concentration of poly(L)lysine, the reaction time with poly(L)lysine, the molecular weight of poly(L)lysine, and the treatment time for the second coating of sodium alginate [36] .
CONCLUSIONS
APA microcapsules with diameters on the order of 10 µm were produced from microbeads generated by utilizing the cone-jet mode in EHD spraying. We proposed a method to characterize the mechanical properties of the microcapsule. The characterized properties were Young's modulus, the thickness, and the initial stretch of the membrane. Young's modulus of the membrane was determined by the AFM-based method under the assumption of a Poisson ratio of 0.5. Experiments on flat-plate compression of the microcapsule were performed. The thickness of the membrane was obtained by applying Reissner's linear elastic theory for point-force indentation of a spherical shell to the experimental force-displacement relationship during loading in the small displacement region. The initial stretch of the membrane was determined by fitting the calculated force-displacement curve to the experimental force-displacement relationship in the small and medium displacements regions during loading. The osmotic pressure difference across the membrane can be estimated from the obtained initial stretch. When the rigidity and permeability of the microcapsule are adjusted, a promising method is to change the membrane thickness. The present method is practical and effective for the mechanical characterization of microcapsules.
